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A new micro-ﬂuidic method, which is known as the Micro-Reactor Simulated-Channel (MRSC) method,
has been employed to rapidly determine the effective diffusion coefﬁcients of lithium in three important
representative low permeability lithologies including: Melechov granite (Czech Republic), Borrowdale
tuff, and Land's End Cornish granite (both UK). The concept of MRSC is similar to the micro chemical
reactor which enables fast measurements to be done on a small intact sample. The effective diffusion
coefﬁcients were measured and comparisons between the MRSC results and conventional column
methods showed excellent agreement. Our measured effective diffusion coefﬁcient for Melechov granite
is 1.7  1012 m2/s, directly comparable to previous conventional measurements. However the mea-
surement time of the MRSC method is at least one order of magnitude faster than the conventional
method and only requires small reaction volumes (as small as 10 ml). In addition, by exploiting the
advantages of the MRSC method, the effects of velocity and concentration on diffusive transport for the
two different UK rock types have also been investigated. Depending on ﬂow rate and inlet tracer con-
centration, the effective diffusion coefﬁcient for lithium in the Cornish granite ranges between 0.9 and
1.5  1011 m2/s while that measured for the Borrowdale tuff varies between 1.2 and 1.6  1011 m2/s.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The engineered and surrounding geological barriers in a
Geological Disposal Facility (GDF) are intended to preclude the
development of meso-scale fracture pathways, therefore diffusive
ﬂux should be considered as an alternative risk for the loss of
containment, especially for the extended period of time over which
sequestration is required. Diffusion and sorption are the critical
parameters for estimating the interaction between the rock,
groundwater and the radionuclide. The effect of diffusion into the
rock matrix has been ignored in early transport models because it
has been conservative for estimating the transport of the radio-
nuclide, but over the last three decades many studies have shown
that diffusion delays the migration of the solute and attenuates
peak concentration. However peak concentration values are crucial
for assessing the risks of contamination. “Crystalline rock” (low
permeability) with quartz and feldspar as prominent minerals is ang Oxford Road, Manchester
.A. Wogelius).
r Ltd. This is an open access articletypical choice for a repository host and is a favoured medium in
Sweden, Finland, Britain, and Japan. In this context the term has
become a common expression for granite and similar igneous and
metamorphic rocks. The big advantages of crystalline rock are: 1)
small disturbances by temperature rise, 2) alkaline, weakly
reducing groundwater, and 3) low permeability which ensures a
slow rate of canister mass transfer and slow release of many ra-
dionuclides. However, the joints and shear zones universally pre-
sent in a low permeability system provide possible paths for
groundwater movement leading to diffusive ﬂux of the concerned
radionuclides into the surrounding bedrock.
Travel time in a fracture system is signiﬁcantly enhanced with
matrix diffusion included as compared to when only advective
transport is taken into account (Sudicky and Frind, 1982). In crys-
talline rocks with very low porosity, the role of diffusion remains
signiﬁcant: a matrix porosity of 1% may delay concentration peaks
by a factor of 5 in time as well as lower themaximum concentration
by one order of magnitude over 100 m of travel. Many factors
related to matrix porosity inﬂuence diffusion such as: connected
pore volumes, tortuosity, and constrictivity, which all contribute to
make efforts to study diffusion difﬁcult. Therefore, a novel methodunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Channel (MRSC) method, which is able to determine the effective
diffusion coefﬁcients of a range of tracers in non-friable solid
specimens rapidly at realistic contaminant concentrations
(Okuyama et al., 2007, 2008).
Here, the experiments were performed with rocks of critical
relevance to GDF strategies. The Melechov granite represents one
type of potential crystalline host rock and diffusion measurements
have been performed on this lithology using traditional through
diffusion methods (Havlova et al., 2012). This gives us a critical and
pertinent benchmark for our method. Our experiments have also
been completed with Borrowdale tuff, a lithology which represents
another potential type of host rock. Finally, we have included a
Cornish granite for comparison to the Melechov samples. Also, the
relationship between important parameters such as channel ve-
locity, initial concentration and diffusion was investigated. Based
on the experimental results, numerical modelling was carried out
to further understand the dynamic behaviour of the system.
2. Methods
A conceptual diagram of the MRSC set-up employed in our ex-
periments is shown in Fig. 1. This is comparable to the micro-
chemical reactor. Here, a narrow ﬂuid channel in the middle of
the solid system increases the rate of surface reactions between the
solid rock system and tracer ﬂuid due to a high surface area to
liquid volume ratio. Unlike the conventional column method, an
intact hard rock sample can be used for determining both diffusion
and retardation. In addition, installing the small reactor directly
into an excavated deep borehole in the actual geologic environment
can provide the possibility for in situ measurements. More details
of the apparatus and reaction unit are available in Okuyama et al.
(2007) and Ohe et al. (2012).
Lithium, a non-sorbing tracer (from dissolved Li2SO4 kept at
neutral pH), was spiked at different concentrations into the inﬂuentFig. 1. Experimental set up for the MRSC device (top) (modiﬁed from Okuyama et al., 2007
auto-samplers. The reaction unit contains two base plates, two spacers with a micro channe
resin placed in the middle of the whole unit. The reason to have the coated epoxy at the side
this method, all the plates are made from stainless steel and spacers are created by usingand pumped into the bottom channel at a constant rate. The
efﬂuent was collected and analysed in order to determine the
breakthrough curve. The breakthrough curve was constructed by
time resolved analysis of the efﬂuent solution until pseudo-steady-
state was observed. Because the outlet concentrationwas not equal
to inlet concentration, non-sorbing Li could only be lost through
diffusion from channel into matrix, thus accounting for the inlet-
outlet difference. Changing the pumping rate as well as the depth
of the channel leads to different velocities in the channel, therefore
diffusion experiments may be carried out with both different ve-
locities and different inﬂuent concentrations in the channel. This
ﬂexibility makes the investigation of how velocity and concentra-
tion may inﬂuence diffusion rates relatively simple. Product ﬂuids
were acidiﬁed by adding 2 ml of 2% nitric acid in preparation for
analysis by Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES). Lithium standards were prepared in a solution
identical to the experimental solutions to ensure that they were
analysed in the same chemical matrix as the test samples. Samples,
standards and blanks were sealed and prepared for ICP spectros-
copy analysis on a Fison Instruments 4700 ICP-AES spectrometer.
Three low permeability rocks, two granites and one tuff, were
studied in this work. One of the granites is from Land's End, West
Cornwall, UK. The other granite is fromMelechovMassif, part of the
Central Bohemian Massif, Czech Republic. The tuff is part of the
Borrowdale Volcanic Group (BVG), originating from the Old Man of
Coniston area, Cumbria, UK. The three rock types were character-
ized by standard petrographic optical microscope and X-ray
diffraction (XRD). XRD scans were completed on a Bruker D8
diffractometer; scans ran from 5 to 70 2q with a step size of 0.02
and analysis time of 1 s per step. Data analysis was completed using
the Bruker EVA software.
For comparison to other diffusion studies, the porosity of the
Melechov granite was determined by utilizing a Digital Helium
Porosimeter (DHP-100), a precision instrument which accurately
determines the grain volume and pore volume of porous materials). The new apparatus consists of two injection syringe pumps, a reaction unit, and two
l at the centre and a rock sample polished and non-reacting surfaces coated with epoxy
edge surfaces is to avoid the evaporation of the test solution during the experiment. In
Teﬂon.
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core plugs 40 mm in length and 15 mm diameter. Then all the
samples were heated in an oven overnight at ~60 C in order to
drive off water prior to the porosity measurement.3. Materials
The Cornish granite (Land's End) has a typical grey colour with
uniform mineral distribution and some darker and variable
weathered colours. Fig. 2 was taken by petrographic microscope; it
is obvious that the sample is composed of small mineral grains with
sizes ranging frommedium to coarse showing a high compositional
heterogeneity typical of granite. The dominant mineral types
optically determined by microscope are quartz, mica, K-feldspar
(microcline) and plagioclase which exhibit an interlocking and
non-ﬂow orientated pattern. These minerals are aggregated
together without the presence of any ﬁne-grained matrix or con-
necting medium. The quartz examined under the microscope by
transmitted light occurs generally in irregularly shaped angular
grains; but occasionally in distinct crystals which are double hex-
agonal pyramids with or without the corresponding prism. Col-
ourless quartz is most common, but grey, brown, or bluish varieties
also occur. In terms of colour the K-feldspar generally varies be-
tween snow white and ﬂesh red. The plagioclase occurs in crystals
which are generally smaller than those of the K-feldspar. When
granite becomes weathered, feldspar may decompose into kaolin
or china clay; the commencement of this alteration is indicated
under the microscope by the turbidity of the feldspar, by the ill-
deﬁned edges of the crystals, and for plagioclase by disappear-
ance of the characteristic striae.
XRD [Fig. 1S (Supporting Material)] analysis has further
conﬁrmed that the dominant minerals in the Cornish granite are
quartz, plagioclase (albitic), potassium feldspar (microcline), plus
clinochlore, along with mica (biotite and muscovite). These results
are similar to the characterization by Savage et al. (1992) which
showed that the granite contains quartz (34%), plagioclase (30%), K-
feldspar (26%), mica (9%) and tourmaline (1%).
The petrographic microscope images of the Melechov granite
(Czech Republic) are shown in Fig. 3. Aggregates of medium and
large mineral grains represent most of the sample with sizes
ranging from coarse to very coarse.
The dominant minerals determined optically are quartz, mica,
K-feldspar and plagioclase which are of course similar to the Cor-
nish granite described above. Most of the minerals are irregularly
shaped with colour variation from transparent to grey, blue and
reddish. Compared to the Cornish granite, even less alteration and a
larger average mineral grain size are indicated under theFig. 2. Thin section view of Cornish Granite (Land's End) under plane polarized (left) and cro
been severely weathered and cross polarized interference colours illustrate a normal granimicroscope which is due to the fact that this inland granite has
been less weathered in comparison to the coastal Cornish granite.
The XRD pattern (Fig. 2S) shows that the dominant minerals
include quartz, plagioclase (albitic), K-feldspar (microcline), and
clinochlore along with mica (muscovite). The two granite samples
have similar patterns in terms of the distribution of quartz,
microcline and albite.
The Borrowdale Volcanic Group from the central English Lake
District has been intensively investigated due to the petrology,
geochemistry and magmatic signiﬁcance of this compositionally
diverse and geologically important lithology (Branney and Suthren,
1988; Millward et al., 2000a,b). In addition, the design concept for
the disposal of intermediate-level and certain low-level radioactive
waste near Sellaﬁeld has also targeted the BVG as a potential deep
geological repository.
The tuff in this work has a uniform grey colour with little indi-
cation of weathering as observed from the petrologic image in
Fig. 4. Quartz is the easiest mineral to determine by optical mi-
croscope, displaying a large variation in size and shape with little
colour variation. The XRD proﬁle in Fig. 3S shows the minerals
present in the tuff are quartz, plagioclase (albitic), potassium feld-
spar (microcline), clinochlore, calcite and mica (biotite).4. Numerical analysis
For numerical analysis, the bottommicro channel is regarded as
a ﬁctitious semi-hollow cylindrical tube and the rock sample is
assumed to be a semi-hollow cylinder sitting on the tube as shown
in Fig. 5 (Ohe et al., 2012). In the two dimensional cylindrical
calculation, the outer radius and inner radius of the micro ﬂow
channel are based on the surface area equivalent and ﬂow volume
equivalent. The surface area where the tracer diffuses is equal on
both the modelled and the actual ﬂow channel, and the mass of the
diffused (ﬂow volume) tracer of the modelled channel is equal to
that of the actual channel. Fig. 5 shows that ﬂow volume is actually
equal to the volume of Rb minus the volume of Ra and the surface
area of the actual system is equivalent to the surface area of Rb
minus the surface area of Ra (see the equation below Table 1). In the
analysis of the system, both advection and diffusion in the bottom
micro channel are taken into account; advection within the rock
matrix is ignored due to the low permeability of the fractured
crystalline rock employed in the experiment. Therefore diffusion is
the only driving factor responsible for the non-sorbing tracer's
migration into the rock. Diffusive ﬂux is normal to the ﬂuiderock
interface while advective ﬂux is conﬁned to the channel and is
along the channel axis, normal to diffusion.
If the three dimensional extent of the rock matrix is explicitlyssed polarized (right) light. The plane polarized image indicates that this granite has not
te mineralogy, overall the grain size is relatively small.
Fig. 3. Thin section view of Melechov granite (Czech Republic) under crossed (left) and plane (right) polarized light. Compared to the Cornish granite, less compositional het-
erogeneity is observed and the colour is also more uniform ranging from grey to black.
Fig. 4. Thin section view of Borrowdale Volcanic Group tuff under plane polarized light at different scales. Less compositional heterogeneity has been observed compared to the
granites above; also the grain size is much smaller.
Fig. 5. Analytical conﬁguration of the two dimensional cylindrical coordinate system
(modiﬁed from Ohe et al., 2012).
Table 1
Parameters for the numerical analysis.
Symbol Items Parameter
B Thickness of the rock sample (m) (1e2)  102
W Width if the rock sample (m) (4e4.5)  103
w Width of micro channel (m) 5.2  103
b Depth of micro channel (m) (3.3e5)  104
L Length of micro channel (m) 8  102
Ra Inner radius (hollow cylinder) (m) (1.26e1.56)  103
Rb Outer radius (hollow cylinder) (m) (1.66)  103
Rc Height of hollow cylinder (m) 1.66  102
DL Dispersion coefﬁcient (m2/s) 1  109
V Water velocity in the channel (m/s) 0.8  105e5.12  104
ε Porosity 0.50%e1.2%
Ra ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2b  2b$wp
q
Rb ¼ wp Rc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2BW
p
þ R2b
q
B. Zou et al. / Applied Geochemistry 63 (2015) 357e365360modelled then the numerical analysis is very time-consuming.
Thus a two dimensional (r-x coordinate system) analysis has been
developed instead. In Fig. 6, the green dotted line labelled “2D (x,y)”
represents the two dimensional matrix system, the blue dashed
line “3D (x,y,z)” is the three dimensional matrix system and the
solid pink line “2D cylinder (r,x)” illustrates the two dimensional
axially-symmetric cylindrical system. Using a two dimensional
cylindrical system in the matrix gives essentially the same result as
the three dimensional case which is due to the fact that the angle
dependent derivative can be ignored. In the channel, the diffusive
ﬂux into the matrix is obviously independent of angle when the
diffusing substance is homogeneously distributed in the channel as
is the case in the experiment. This simpliﬁcation reduces the
computational time needed to complete the calculation;Fig. 6. Comparison of the breakthrough curves with different dimensions involved in
the rock matrix.
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fusioneadvection in the bottommicro channel coupled with a two-
dimensional axially-symmetric cylindrical coordinate system in the
rock matrix. The validity of this simpliﬁed treatment is analysed by
comparing the three-dimensional analysis results and the two-
dimensional alternatives in Fig. 6.
The governing equation in the bottom micro channel,
vCnðx; tÞ
vt
¼DL
v2Cnðx; tÞ
vx2
 V vCnðx; tÞ
vx
þ De
a
$
vCmðx; r; tÞ
vr

a¼RbRa
t >0;
Lm Ln
2
< x<
Lmþ Ln
2
 (1)
The governing equation of the matrix region,
vCmðx;r;tÞ
vt
¼De
ε
$
 
v2Cmðx;r;tÞ
vr2
þ1
r
vCmðx;r;tÞ
vr
!
þDe
ε
$
v2Cmðx;r;tÞ
vx2
ðt> 0; 0 <x <Lm; Ra<r<RbÞ
(2)
Where Cn(x,t) is the concentration of tracer in channel, Cm (x,r,t) is
the concentration of tracer in rock pores, x is the space coordinate
along the ﬂow direction in the channel, r is the space coordinate
perpendicular to the channel, Ln is the length of the channel (m), Lm
is the length of the rock sample (m), d is the thickness of the rock
sample (m), t is the time (s), V is the mean velocity in the channel
(m/s), ε is the porosity, a is the depth of the ﬁctitious channel (m),
De is the effective diffusion coefﬁcient (m2/s), DL is the longitudinal
dispersion coefﬁcient (m2/s). Before completing the MRSC experi-
ments batch sorption experiments of lithium on rock samples were
performed, with the results showing that the adsorption of lithium
is negligible and therefore the retardation factors on channel ma-
terial and rock matrix may be ignored.Fig. 7. Experimental and modelled breakthrough curves of lithium on Melechov granite a
calculated from ICP-AES analysis and symbol size is approximately equal to error.Initial conditions are also shown in Eqs. (3) and (4).
Cnðx;0Þ ¼ 0;

Lm Ln
2
< x<
Lmþ Ln
2

(3)
Cmðx; r;0Þ ¼ 0; ð0 < x < Lm; 0 < r < dÞ (4)
The boundary conditions of the channel in the bottom are given
in Eq. (5):
Cnð0; tÞ ¼ C0; ðt > 0Þ ðC0 is the initial tracer concentration in
the bottom micro channelÞ
(5)
Due to thewater ﬂowwithin the upper part of the rockmatrix in
the top micro channel, the tracer concentration at r ¼ d is assumed
to be 0 in the boundary conditions on the top of the rockmatrix (Eq.
(6)) and the boundary conditions for the right and left of the rock
matrix are illustrated in Eqs. (7) and (8).
vCmðLm; r; tÞ
vx
¼ 0; ðt >0; r ¼ dÞ (6)
vCmð0; r; tÞ
vx
¼ 0; ðt >0; 0< r< dÞ (7)
vCmðLm; r; tÞ
vx
¼ 0; ðt >0; 0< r<dÞ (8)
In the channel governing equation (Eq. (1)), the term on the left
represents the changing tracer concentration over time and on the
right hand side the ﬁrst term indicates the hydrodynamic disper-
sive ﬂux, the second is the advective ﬂux and the third expresses
the mass transfer from channel into the matrix. Eq. (2) shows the
matrix diffusion within the rock body. The numerical analysis of
Eqs. (1) and (2) is based on the initial and boundary conditions of
the experiment subject to Eqs. (3)e(8), solved using the ﬁnitet the exit of the bottom channel with respect to ﬂow volume. Data point errors are
B. Zou et al. / Applied Geochemistry 63 (2015) 357e365362difference method through Matlab. Experimental curves are ﬁtted
to the numerical solution and De can be obtained. The parameters
for the numerical analysis are given in Table 1; the dispersion co-
efﬁcient is derived from the assumption that it is equal to the
diffusion coefﬁcient of lithium in free water (Cussler, 2009). In our
geometry, the mechanical dispersion coefﬁcient is small enough to
exclude due to the short migration length and it is appropriate to
set the value of the dispersion coefﬁcient to be of the same order as
the ionic diffusion coefﬁcient in water.
5. Results and discussion
The breakthrough curve of lithium at the outlet of the bottom
channel for the Melechov granite from the Czech Republic is shown
in Fig. 7, measured with velocity in the channel equivalent to0
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Fig. 8. The breakthrough (left) and total diffused mass curves of lithium (right) at the exit of
UK).1.2  105 m/s (0.5 ml/h and 2 h mean residence time) and initial
inlet concentration equal to 380 ppb. The vertical axis shows the
lithium concentration at the outlet of the bottom channel (Ct)
normalized to the inlet initial concentration (C0), while the hori-
zontal axis shows the eluted volume of the tracer solution (26 h
experimental time, 2 h per sample, 13 sampling points to construct
the breakthrough curve). The circular symbols in Fig. 7 illustrate the
experimental results of lithium diffusion on the Melechov granite,
and the solid line shows the optimized ﬁtting results for the
experimental data. The two additional sets of points (triangles and
crosses) present the numerical analyses with different effective
diffusion coefﬁcients showing the control of the important pa-
rameters on the ﬁtting of the breakthrough curves. The initial part
of the curve is non-linear because the proximate rock pore spaces
are ﬁlling with tracer as a diffusion gradient is being establishedy = 0.0074x + 0.0202
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the bottom channel of MRSC under a range of experimental scenarios (Cornish Granite,
B. Zou et al. / Applied Geochemistry 63 (2015) 357e365 363across the fracture surface; the following linear relationship sug-
gests that the diffusion process is in pseudo-steady-state and the
slight ﬂuctuations in the pseudo-steady-state plateau are most
probably explained by the non-uniform distribution of poreswithin
the rock interior. The ratio Ct/C0 reaches pseudo-steady-state fairly
quickly after the ﬁrst several milliliters of solution has been passed
through the reaction unit and the effective diffusion coefﬁcient is
determined to be 1.7  1012 m2/s based on the numerical analysis.
This is directly comparable to the results by Havlova et al. (2012)
which ranged from 1.02 to 1.56  1012 m2/s by employing con-
ventional through-diffusion methods using crushed granite sam-
ples from the same lithology. The conventional column method
requires about three months to obtain the resulting effective
diffusion coefﬁcient while the MRSC method employed here took
less than one week. This is a huge improvement in efﬁciency. The0
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Fig. 9. The breakthrough and total diffused curves of lithium at the exit of the bottomresults for the two different methodologies are nearly identical and
the small difference in the effective diffusion coefﬁcient between
the two different methods can be explained by a small difference in
porosity test values. The porosity is about 0.51% for the intact
sample used here measured using the digital helium porosimeter,
which is slightly smaller than the value of 0.65% determined by the
water saturation method in Havlova et al. (2012) for their samples.
Despite the obvious differences in the two measurements and
different sample preparation methods, it is nonetheless reasonable
to conclude that heterogeneities in porosity may also be respon-
sible for small differences in measured effective diffusion co-
efﬁcients. Most importantly, the good agreement of the results
obtained by the through-diffusion method with those obtained by
the MRSC method on the same rock type conﬁrms the validity of
our proposed method. Therefore further investigation of they = 0.0143x + 0.0371
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channel of MRSC under different experimental scenarios (Borrowdale Tuff, UK).
B. Zou et al. / Applied Geochemistry 63 (2015) 357e365364relationships between diffusion, velocity, and concentration for
two representative UK rock types using the MRSC method was
completed.
The ﬂow rate of the solution and depth of the channel can be
easily altered in the MRSC method in order to change the mean
residence time for the tracer solution in contact with the rock.
Based on the good agreement between results from the MRSC and
conventional methods on Melechov granite, a group of MRSC ex-
periments on Cornish granite (UK) and Borrowdale tuff (UK) were
performed, respectively. Figs. 8 and 9 show the results with dif-
ferences in either velocities or concentrations which have been
carefully selected to show the observed trends. The purpose of
these experiments was to investigate how the variation of these
parameters can affect the mass transfer and mass balance between
bulk ﬂuid in the channel and pore ﬂuid within the intact solid. The
MRSC method was designed as an open ﬂow transport system
which may be much more realistic for measuring groundwater
transport within deep geological disposal scenarios than other
more conventional methods.
Fig. 8a, c, e and 9a, c, e illustrate the breakthrough curves
measured on the Cornish granite and Borrowdale tuff, respectively.
For all the breakthrough curves performed in the MRSC method,
ﬂuctuations occur after pseudo-steady-state is reached. These
ﬂuctuations imply episodic tracer diffusion inside the rock matrix
and could be explained by a heterogeneous porosity distribution
within the rock body as well as slight temperature or pH change
during the experiment overnight. Fig. 8b, d, e and 9b, d, e show the
total amounts of lithium lost (concentration change times ﬂow
volume) into the rock matrices with respect to time.
The curves for Cornish granite (Fig. 8b and d) show a linear ﬁt
with a high correlation coefﬁcient value. However the ﬁts have a
non-zero intercept. This is due to the fact that before reaching
steady-state, the ﬁrst stage of the diffusion process is non-linear.
Fig. 8a and c represent the experiments having the same initial
lithium concentration but different channel velocity, which leads to
a different plateau level in the breakthrough curve (a similar
pattern is observed in Fig. 9a and c for tuff). The difference is driven
by the variation in the ﬂuid to solid contact time, which means that
in the lower velocity system the ﬂuid has a higher mean residence
time than in the higher velocity system. This allows more of the
trace components in the channel to be lost into the rock matrix, asFig. 10. Typical distribution of lithiumwithin the testing rock body based on numerical mod
(left) and representative map of Ct/Co for Li within the rock specimens after 120 h (right). T
granite.are shown by Fig. 8b and d. Over a given time period, the lower
velocity system gives a much higher amount of diffused lithium
into the rock matrix (Fig. 9b and d for tuff). Fig. 8a and e have the
same channel velocity but different initial lithium concentrations
which also results in different plateau levels in the breakthrough
curve (Fig. 9c and e in tuff). Obviously, as would be predicted
diffusion (mass ﬂux between channel and pores) has been signiﬁ-
cantly enhanced (Fig. 8b and f for granite and 9b and f for tuff) when
a larger concentration gradient at the fracture-matrix interface is
created at the initial stage (before steady state is reached).
Wu et al. (2010) demonstrated a diffusion enhanced concept
based on boundary layer theory coupled with a new mathematical
model to analyse previous experimental data and their model
result improved the agreement between experimental data and
theory. Wu et al. (2010) suggests that diffusion is a dominating
factor between fractures and a low permeability matrix in systems
with large concentration gradients, which is consistent with our
results with Cornish granite and Borrowdale tuff above. Moreover,
the numerical results based on laboratory work here provide
further understanding of the interaction between a fracture and a
low permeability matrix: for example if ﬂuid velocity increases
then contact time decreases and because diffusion is a time
dependent phenomenon then mass transfer is decreased as shown
in Figs. 8 and 9.
Numerical modelling based on the experimental results allows
the tracer distribution within the matrix over time to be accurately
determined. Fig. 10 (left panel equals 12 h reaction time and the
right panel is for 120 h) illustrates the typical calculated distribu-
tion of lithium within the tested rock samples for different elapsed
times. The vertical axis shows the radial distance from solution
channel at the bottom (0) to the rock surface at the top (0.016)
which has been in contact with distilled water and the horizontal
axis presents the ﬂuid channel distance from the inlet (0) to the
outlet (0.08).
In Fig. 10 (left), the bottom row of elements (dark ¼ ~1) shows
that the concentration in the bottom micro channel is close to the
initial concentration due to the low permeability and low effective
diffusion coefﬁcient. Vertically, the second line from the bottom
(light) gives the fracture surface concentration which is about 60%
of the initial concentration. Then, the concentration decreases
rapidly as a function of distance from the channel. On the top andelling in Matlab. Representative map of Ct/Co for Li within the rock specimens after 12 h
he parameters employed here were obtained from the experiments with the Melechov
B. Zou et al. / Applied Geochemistry 63 (2015) 357e365 365sides the concentration is close to zero. Overall, the tracer con-
centrates in the bottom middle of the tested rock samples. For
Fig. 10 (right), after a longer diffusion time period (120 h) it is
obvious that more tracer has penetrated into the matrix (at 0.01 m
levels rise from ~0 to ~0.3). Comparison of the two panels in Fig. 10
shows the importance of diffusion over time and clearly highlights
diffusion as a critical process over the long term in lowpermeability
rocks.
6. Conclusions
The Micro-Reactor Simulated-Channel method (MRSC) has
advantages including: 1) high sensitivity, 2) simple and portable,
3) rapid output which enables results to be available quickly with
minimum risk of cross contamination. In this system, the effects of
velocity and concentration can be tested as the controlling vari-
ables for mass transfer between liquid and solid. Considering
diffusion in low permeability systems at low tracer concentra-
tions, we have shown that velocity and concentration may have
resolvable effects on mass transfer rates between the bulk liquid
and pore ﬂuids. Our results agree with the new fracture-ﬂow-
enhanced matrix diffusion conceptual model of Wu et al. (2010).
As different countries review potential host rocks for future
radioactive waste disposal programs, the MRSC method provides
an open ﬂow transport system which may be more realistic for
measuring groundwater transport by providing rapid and cali-
brated information about diffusion for a range of different low
permeability systems.
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